The Pacific Coast tick (Dermacentor occidentalis Marx, 1892) is one of the most widely distributed and frequently encountered tick species in California. This tick is the primary vector of an unclassified spotted fever group rickettsial pathogen, designated currently as Rickettsia 364D, the etiologic agent of a recently recognized tick-borne rickettsiosis known as Pacific Coast tick fever. Despite intensified interest in this pathogen, important questions remain regarding its taxonomic status and possible variations in genotype among different strains that could influence its pathogenicity. Only the extensively passaged prototypical isolate (strain 364-D) is widely available to rickettsiologists and public health scientists worldwide. To achieve a larger, more geographically diverse, and contemporary collection of strains, 1,060 questing adult D. occidentalis ticks were collected from 18 sites across six counties in northern and southern California in 2016 and 2017. Fourteen ticks (1.3%) yielded DNA of Rickettsia 364D and from these, 10 unique isolates from Lake and Orange counties were obtained. Additionally, Rickettsia rhipicephali was detected in 108 (10.2%) ticks, from which eight isolates were obtained, and Rickettsia bellii in six (0.6%), from which three isolates were obtained. The panel of recently acquired, low-passage strains of Rickettsia 364D derived from this study could enhance opportunities for investigators to accurately determine the taxonomic standing of this agent and to develop specific diagnostic assays for detecting infections with Rickettsia 364D in ticks and humans.
that was later distinguished from classically recognized strains of Rickettsia rickettsii (the causative agent of RMSF) by nucleotide polymorphisms in multiple intergenic regions (Karpathy et al. 2007) . In 2010, investigators demonstrated conclusively that infection with serotype 364-D, more recently designated as Rickettsia 364D, resulted in disease in humans. Through 2017, 14 cases of this illness, known as Pacific Coast tick fever (PCTF), have been recorded from five California counties (Shapiro et al. 2010 , Johnston et al. 2013 , Nayakwadi-Singer and Lee 2014 , Padgett et al. 2016 , and Pacific Coast ticks infected with Rickettsia 364D have been collected from 16 California counties (Lane et al. 1981b , Philip et al 1981 , Wikswo et al. 2008 , Shapiro et al. 2010 , Padgett et al. 2016 , Billeter et al. 2017 , Gurfield et al. 2017 .
Despite renewed and intensified interest in Rickettsia 364D, important questions remain regarding its taxonomic status and possible variations in genotype or pathogenicity among different strains. To our knowledge, the prototypical and extensively passaged 364-D strain is the only extant isolate that remains among the many tickderived strains obtained by investigators during the last half of the 20th century. More recently, a few strains of Rickettsia 364D were cultivated from Pacific Coast ticks collected in southern California (Wikswo et al. 2008 ) but there are no published data that describe in detail the provenance or availability of these isolates. A large panel of low-passage and geographically separated isolates could be used to clarify the taxonomic standing of this pathogen as well as facilitate the development of rapid and specific molecular assays to detect infections with this agent in ticks and humans. Herein, we describe the cultivation of multiple strains of Rickettsia 364D and other Rickettsia species isolated from D. occidentalis ticks collected from several sites in northern and southern California.
Materials and Methods

Tick Collections
Questing adult ticks were collected by flagging vegetation at 18 sites from six counties in northern and southern California from March 2016 through March 2017 (Table 1) (Brinton et al. 1965, Furman and Loomis 1984) and transferred to 95% ethanol or processed as live specimens for culture isolation.
Molecular Evaluation of Tick DNA
Live ticks were washed sequentially for 5 min each in 5% Micro-Chem Plus (National Chemical Laboratories, Inc., Philadelphia, PA), 1.7% sodium hypochlorite, and 3% hydrogen peroxide, and then rinsed in sterile distilled water. Individual ticks were transferred to a sterile Petri dish and bisected longitudinally using a sterile scalpel blade. Half of the tick was placed in 0.2 ml sucrose phosphate glutamate buffer or Eagle's Minimum Essential Medium with Earle's salts (MEM) and frozen at −80°C. The other half was processed for DNA extraction. DNA was extracted using a DNeasy Blood and Tissue kit (QIAGEN, Valencia, CA) and eluted into a final volume of 200 µl, or using a QIAamp DNA Mini kit (QIAGEN) and eluted in a final volume of 100 µl.
Tick DNA extracts were screened using Rickettsia genus-specific and R. rickettsii real-time polymerase chain reaction (PCR) assays (Kato et al. 2013) with 5 µl of DNA template. Reactions were performed on an ABI 7500 Fast thermal cycler using the Quanta PerfeCta Multiplex qPCR Supermix Low ROX kit (Quanta Biosciences, Beverly, MA). Samples with C t values <40 cycles by the Rickettsia genus-specific assay were subsequently tested by a Rickettsia belliispecific real-time PCR assay (Hecht et al. 2016 ) with a QIAGEN BioRad CFX 96 thermal cycler using Quantitect Multiplex PCR kit (QIAGEN). Samples with C t values <40 cycles were considered positive. Samples that tested positive by the Rickettsia-genus assay were tested additionally by a PCR assay targeting a 540-bp segment of the sca0 gene. PCR reactions included 5 µl of DNA template, primers 190-FN1 and 190-RN1 (Paddock et al. 2004 ), each at a final concentration of 1 µM, and 25 µl of Platinum Hot Start PCR 2X Master Mix (Invitrogen, Carlsbad, CA) in a final reaction volume of 50 µl. Amplicons generated with the sca0 assay were purified using the QIAquick PCR Purification Kit (QIAGEN) and sequenced by a commercial sequencing service (Sequetech, Mountain View, CA). Sequences were assembled using Sequencher 5.1 (Gene Codes, Ann Arbor, MI) and compared to GenBank data using BLASTn analysis.
Cell Culture Isolation and Species Identification
Washed and frozen tick halves that matched those which were PCRpositive were subsequently thawed and minced with a sterile scalpel blade in 0.5 ml MEM. The inoculum was placed onto a semiconfluent monolayer of Vero E6 cells in a T25 tissue culture flask to which was added 5 ml of MEM containing 2 mM L-glutamine, 5% fetal bovine serum, 0.1 mM MEM nonessential amino acids, 10 mM sodium pyruvate, 10 mM HEPES buffer, 10 units/ml penicillin, 10 μg/ml streptomycin sulfate, and 0.25 μg/ml amphotericin B. Cultures were incubated at 32°C in a 5% CO 2 -in-air atmosphere. The medium and inoculum were removed after 24 h and replaced with fresh medium containing the same antibiotics, and replaced again 24 h later with medium free of antibiotics. Thereafter, the antibiotic-free medium was replaced approximately every 5 d. Cultures were monitored for rickettsial infection by examining cytospin preparations fixed in methanol and stained with a 0.1 g/liter solution of acridine orange (Becton, Dickinson and Company, Sparks, MD). Cell cultures were evaluated weekly for 4 wk before considered negative for growth. PCR and sequence analyses were used to determine the identity of all isolated Rickettsia species. Isolates of Rickettsia 364D and R. rhipicephali were confirmed by evaluation of a 590-bp segment of the sca0 gene using primers Rr190.70p and 190-701 (Regnery et al. 1991 , Roux et al. 1996 . Isolates of R. bellii were confirmed by evaluation of a 953-bp segment of the rrs gene using primers 16S-WFD1T and 16S-ECOLI-1073R (Weisberg et al. 1991 , Eremeeva et al. 2006 . Each PCR reaction included 2 µl of DNA template, 10 µl of Taq polymerase (QIAGEN), and each primer at a final concentration of 1 µM concentration in a final reaction volume of 20 µl. Amplicons were purified using the Promega Wizard SV Gel Extraction Kit and PCR Clean Up System (Promega, Madison, WI). Products were sequenced on an ABI 3130xl genetic analyzer using a BigDye Terminator V3.1 kit (Applied Biosystems, Carlsbad, CA). All isolated Rickettsia species were deposited in the CDC Rickettsial Isolate Reference Collection (World Data Center for Microorganisms 1093).
Genetic Analysis of Rickettsia 364D
The multilocus sequence typing algorithm proposed by Fournier and colleagues (2003) was applied to the 364-D strain of Rickettsia 364D by comparing its rrs, gltA, sca0, sca5, and sca4 sequences (CP003308.1) with homologous sequences of validated Rickettsia species in GeneBank using using BLASTn analysis. By this algorithm, a rickettsial isolate is not considered a novel species if two or more of the rrs, gltA, sca0, sca5, or sca4 genes demonstrate sequence identities ≥99.8, 99.9, 98.8, 99.2, or 99.3%, respectively, to another uncontested and validated Rickettsia species (Fournier et al. 2003) .
Statistical Analyses
Maximum likelihood estimates of infection prevalence and 95% confidence intervals were calculated by using the Excel Add-In of Biggerstaff (2009 Sequences demonstrating complete identity with the homologous 540-bp segment of the sca0 gene of Rickettsia 364D were amplified from 14 (1.3%) of the total sample of Pacific Coast ticks (Table 1) . These consisted of three females and four males of 181 specimens collected from five locations in Lake County for an overall infection prevalence of 3.9% (95% CI, 1.7-7.5%), and two females and five males of 86 specimens collected at one site in Orange County for an infection prevalence of 8.1% (95% CI, 3.7-15.4%) at this location. The rrs, sca0, sca5, and sca4 sequences of the 364-D strain of Rickettsia 364D showed 99.9, 99.4, 99.3, and 99.5% identities, respectively, to the homologous sequences of the Sheila Smith T strain of R. rickettsii. Sequence identities for the rrs and sca5 genes were closest (100 and 99.4%, respectively) to those of the Hlp#2 strain of R. rickettsii. The gltA sequence of Rickettsia 364D was 99.7% identical to the homologous sequence of the Sheila Smith T strain of R. rickettsii and 99.9% identical to several other strains of R. rickettsii. The identities for each of the five genes exceed the cutoffs proposed to establish a unique species in the genus Rickettsia (Fournier et al. 2003) .
Rickettsia rhipicephali was the most frequently encountered Rickettsia species in D. occidentalis, detected in five counties, and was amplified from 108 (10.2%) of the total specimens collected (Table 1) . Rickettsia rhipicephali-infected ticks, of which 60 (10.5%) were females and 48 (9.8%) were males, were collected from 15 (88.2%) locations in Lake (11.6%), Marin (2.8%), Mendocino (19.9%), Orange (23.3%), and Santa Clara (9.3%) counties. Eight isolates of R. rhipicephali were obtained in cell culture that included two from Lake County (strains Highland Springs and Clear Lake), two from Marin County (strains Rodeo Lagoon and Tennessee Valley), two from Mendocino County (strains Split Rock and Hog Lake), and one each from Orange County (strain Moro Ridge), and Santa Clara County (strain Sandy Wool Lake). The sca0 sequences of the six isolates from Lake, Mendocino, Orange, and Santa Clara counties were identical to each other and 99.4% identical with the type strain sequence of R. rhipicephali (Burgdorfer 3-7-♀6 T , U43803). The two isolates from Marin County were identical to each other and 99.3% identical with the type strain.
DNA of R. bellii was amplified from only six (0.6%) Pacific Coast ticks surveyed in this study, including one specimen from Mendocino County that was coinfected with R. rhipicephali (Table 1) . Rickettsia bellii-infected ticks, comprising three (0.5%) of the female and three (0.6%) of the male specimens, were collected at five (29.4%) locations from three (50%) of the surveyed counties, including Marin (0.3%), Mendocino (1.5%), and Santa Clara (1.1%). Three isolates of R. bellii were obtained in cell culture, comprising one each from Marin, Mendocino, and Santa Clara counties (strains Olompali, Lookout Point, and Spring Valley Pond, respectively) . The rrs sequences were identical to each other and 99.7% identical with the homologous sequence of the rrs gene of R. bellii strain RML 369-C T (CP000087.1).
Discussion
The distribution of D. occidentalis closely approximates the chaparral-grassland habitats that occur predominantly in the foothills and mountains throughout California (Lane et al. 1981a , Furman and Loomis 1984 , Lane et al. 1985 , Lang 1999 , Quinn and Keely 2006 . Results from this study and others suggest that the sporadic and tessellated distribution of PCTF in California correlates with distinct foci of D. occidentalis ticks infected with Rickettsia 364D (Padgett et al. 2016) . For example, of approximately 400 ticks collected from coastal scrub and woodland-grass habitats at five separate sites in Marin County, none were infected with Rickettsia 364D, whereas this SFGR was detected in approximately 4% of Pacific Coast ticks collected from four of the five chaparral locations sampled in nearby Lake County. These data are consistent with data from previous acarological surveys in these two counties spanning 1980 to 2015, from which Rickettsia 364D was not detected among any of 163 adult D. occidentalis from Marin County, versus 23 (2.7%) of 860 adults collected from Lake County (Lane et al. 1981b , Padgett et al. 2016 . We also detected Rickettsia 364D in approximately 8% of adult Pacific Coast ticks collected from one coastal site in Orange County, and results from several previous studies detected this agent in of 5.3-6.7% of 244 Pacific Coast ticks collected from this location and another nearby coastal site in Orange County during (Wikswo et al. 2008 Billeter et al 2017) . Despite historical and contemporary records of Rickettsia 364D-infected ticks collected from several chaparral sites at the Hopland Research and Extension Center in Mendocino County (Cory et al. 1975 , Philip et al. 1981 , Padgett et al. 2016 , Bouquet et al. 2017 , no infections with this pathogen were identified among approximately 200 specimens of D. occidentalis collected from three chaparral sites within this area in the present study. However, infection percentages here have been typically low and previous assessments detected the pathogen in only approximately1% of adults (Philip et al. 1981 , Bouquet et al. 2017 .
More than 90% of documented cases of PCTF have originated from locations in Contra Costa, Lake, Monterey, and Santa Clara counties in northern California. Surprisingly, overall infection percentages described from studies of several thousand adult D. occidentalis ticks, collected from multiple counties in southern California from 2006 to 2015, reveal some of the highest levels of infection in the state. These include infection percentages as high as 2.3-13.3% for chaparral or coastal scrub and woodland-grass sites across Los Angeles, Orange, San Diego, and Santa Barbara counties (Wikswo et al. 2008 , Padgett et al. 2016 , Billeter et al. 2017 , Gurfield et al. 2017 . Hence, enhanced surveillance for PCTF is warranted in these highly populated coastal counties. The distribution of D. occidentalis includes areas of southern Washington and coastal Oregon, as well as Baja California and Baja California Sur in Mexico (Brinton et al. 1965 , Easton et al. 1977 , Furman and Loomis 1984 , Guzmán-Cornejo et al. 2016 , such that surveys for Rickettsia 364D in these regions could provide important information about the possible occurrence of PCTF beyond the borders of California.
The taxonomic status of Rickettsia 364D, for which the specific epithet 'Rickettsia philipii' has been proposed to honor rickettsiologists C. B. Philip and his son R. N. Philip (Johnson et al. 2012) , is undetermined. The appellation 'R. philipii' has not been validly published in accordance with the rules of bacterial nomenclature , and Rickettsia 364D does not meet a generally accepted and frequently applied genetic algorithm used to designate species uniqueness in this genus (Fournier et al. 2003) . By this algorithm, data obtained from pairwise alignments of five rickettsial genes indicate that Rickettsia 364D, though a unique serotype and genotype of R. rickettsii, cannot currently be characterized as a distinct species. The clinical characteristics of PCTF differ from classical RMSF with respect to lesser disease severity, the occurrence of one or more inoculation eschars, and the infrequency of a generalized rash (Padgett et al. 2016) . Additionally, Rickettsia 364D has not been detected in any tick species other than D. occidentalis, whereas conventionally recognized serotypes and genotypes of R. rickettsii have been isolated from many ixodid species other than D. occidentalis (Philip et al. 1978 , Karpathy et al. 2007 ). Some investigators have applied subspecies designations to genotypically homogeneous SFGR that demonstrate different serotypical and ecological characteristics, as described recently for the Rickettsia conorii complex (subsp. conorii, subsp. indica, subsp. israelensis, and subsp. caspia) (Zhu et al. 2005) . The genomes of these four subspecies share nearperfect synteny (Sentausa et al. 2012a,b,c) ; however, these subspecies can be distinguished serotypically and cause clinically and epidemiologically distinct diseases (Zhu et al. 2005 , de Sousa et al. 2008 ). Rickettsiologists have not reached consensus regarding criteria to define subspecies among bacteria in the genus Rickettsia (Fournier et al. 2006 , Massung et al. 2008 . In this context, the 10 isolates derived from this investigation could enable subsequent genomic analyses that determine whether Rickettsia 364D is a unique rickettsial species, or a strain or subspecies of R. rickettsii.
Our findings and those of others indicate that R. rhipicephali is the Rickettsia species most often detected in D. occidentalis ticks in California, with infection percentages that range from 6.4-29.6% across several studies (Lane et a1. 1981b , Philip et al. 1981 , Wikswo et al. 2008 , Padgett et al. 2016 , Billeter et al. 2017 , Gurfield et al. 2017 , Bouquet et al. 2017 . Isolates of R. rhipicephali, obtained from ticks collected from many counties throughout California, reveal heterogeneity in the sca0 gene, as described previously (Wikswo et al. 2008) . Six isolates have partial sca0 sequences that are identical to a genotype described recently from southern California (Wikswo et al. 2008) , whereas the isolates from coastal Marin County differ at four positions from the type strain of R. rhipicephali and represent a genotype heretofore undescribed. Rickettsia bellii was detected rarely in Pacific Coast ticks, in agreement with previous studies that identified this species in ≤1.0% of adult D. occidentalis collected from northern and southern California (Lane et al. 1981b , Philip et al. 1981 , Wikswo et al. 2008 . To our knowledge, our isolates represent the only extant strains of R. bellii that originate from D. occidentalis ticks (Krawczak et al. 2018) . To date, neither R. bellii nor R. rhipicephali have been associated definitively with disease in humans or animals.
Dermacentor occidentalis can effectively transmit R. rickettsii to laboratory animals under experimental conditions (Parker 1933) ; nonetheless, natural infections of this tick species appear to be extremely rare, as only one in approximately 8,100 ticks tested during multiple surveys from 1979 to 2017 has been positive for this pathogen (Lane et a1. 1981b , Philip et al. 1981 , Wikswo et al. 2008 , Padgett et al. 2016 , Billeter et al. 2017 , Bouquet et al. 2017 , Gurfield et al 2017 . Rickettsia rickettsii represents one of multiple other pathogens detected rarely or sporadically in Pacific Coast ticks collected in California, including Franciscella tularensis, Coxiella burnetii, Colorado tick fever virus, Ehrlichia chaffeensis, Borrelia burgdorferi, Anaplasma phagocytophilum, A. bovis, and A. ovis (Parker et al. 1929 , Cox 1940 , Kohls 1955 , Lane 1996 , Holden et al. 2003 , Lane et al. 2010 , Foley et al. 2016 . Comprehensive surveys that describe the distribution and frequency of Rickettsia 364D, as well as other members of the guild of pathogens of medical and veterinary importance that reside in D. occidentalis ticks, are needed to better evaluate the risks to humans and animals associated with bites from Pacific Coast ticks in California.
